One sentence summary: Analysis of bacterial community structure in snow from the Swiss and Australian Alps has shown significant variation across both hemispheres, regional sites and across the alpine and sub-alpine ranges. Editor: Max Häggblom ABSTRACT Seasonally, snow environments cover up to 50% of the land's surface, yet the microbial diversity and ecosystem functioning within snow, particularly from alpine regions are not well described. This study explores the bacterial diversity in snow using next-generation sequencing technology. Our data expand the global inventory of snow microbiomes by focusing on two understudied regions, the Swiss Alps and the Australian Alps. A total biomass similar to cell numbers in polar snow was detected, with 5.2 to 10.5 × 10 3 cells mL −1 of snow. We found that microbial community structure of surface snow varied by country and site and along the altitudinal range (alpine and sub-alpine). The bacterial communities present were diverse, spanning 25 distinct phyla, but the six phyla Proteobacteria (Alpha-and Betaproteobacteria), Acidobacteria, Actinobacteria, Bacteroidetes, Cyanobacteria and Firmicutes, accounted for 72%-98% of the total relative abundance. Taxa such as Acidobacteriaceae and Methylocystaceae, associated with cold soils, may be part of the atmospherically sourced snow community, while families like Sphingomonadaceae were detected in every snow sample and are likely part of the common snow biome.
INTRODUCTION
Snow environments are found at both, high latitudes and high altitudes, and cover seasonally up to 50% of the Earth's land surface (Sevruk 1992) . These nival zones are defined by extreme temperatures, high radiation, and are in most cases subjected to strong winds (Haselwandter et al. 1983) . In addition, life in snow is confronted with conditions of limited amounts of liquid water and low nutrients. These harsh conditions result in simple and fragile ecosystems, harboring comparatively few and highly adapted species (Anesio and Laybourn-Parry 2012) . The snow food web is truncated, relying heavily on microorganisms for primary production, with carbon input exclusively derived from microbial autotrophy (Chan et al. 2013) .
From an evolutionary perspective, snow microbiomes are of great interest, since species today may stem from lineages that have survived and thrived under the hypothesized snowball Earth-like conditions during the Neoproterozoic era, when the majority of the planet was covered with ice (Hoffman et al. 1998) .
Snow regions are particularly vulnerable to climate change, first because they are very sensitive to temperature increases, and second because of the albedo effect of snow, creating a feedback mechanism of amplified warming when snow cover decreases (Bargagli 2005) . In the last decades, alarming changes attributed to global warming have been recorded in both polar and nival zones of alpine regions, where severe melting of glaciers (Paul, Kääb and Haeberli 2007) and reductions of snow-covered areas have been reported (Green and Pickering 2009; Jones 2011; Edenhofer et al. 2014) .
Pristine snow surfaces function as a bank for atmospheric particulates, of which up to 22% can be bacterial particles (Bowers et al. 2009; DeLeon-Rodriguez et al. 2013) . The high proportion of bacterial biomass in snow is particularly important as bacteria function as ice nucleators; that is they can form cloud droplets or snow at higher temperatures than physical particles, thus significantly influencing precipitation (Morris et al. 2014) .
The most common source for atmospheric bacteria is sea spray, and winds sweeping up bacteria from surfaces (for example soil and plant surfaces) and their residence time in the atmosphere can last days to weeks (Burrows et al. 2009a,b) . Environmental factors such as wind directions and strength, and atmospheric bacterial particles can influence the snow bacterial community, which has for example been shown by tracing Saharan dust storm events and its influence on the snow community (Chuvochina et al. 2011b) .
Polar snow microbial diversity has attracted increasing attention in recent years, primarily due to improved molecular tools and infrastructure allowing for the analysis of low biomass samples. Studies of microbial assemblages in snow, generated using next generation sequencing (NGS), have been published from Arctic snow (Hell et al. 2013; Møller et al. 2013; Cameron et al. 2015; Mortazavi, Attiya and Ariya 2015) and Antarctic snow (Lopatina, Krylenkov and Severinov 2013) . Bacterial abundances in polar snows have been determined to range between 2 × 10 2 and 4.6 × 10 4 cells mL −1 of snowmelt (Harding et al. 2011; Lopatina, Krylenkov and Severinov 2013; Michaud et al. 2014) . The surface snow microbiome is primarily sourced by atmospheric deposition (Xiang et al. 2009; Hauptmann et al. 2014) . However, community structure in the snow is influenced by post depositional processes (Hell et al. 2013; Møller et al. 2013; Maccario, Vogel and Larose 2014) . Data from NGS analysis, as well as cultured isolates and clone libraries from high latitudes have commonly detected the bacterial phyla Proteobacteria (Alpha-, Beta-and Gammaproteobacteria), Firmicutes, Actinobacteria and Bacteroidetes (Miteva, Sheridan and Brenchley 2004; Segawa et al. 2010; Harding et al. 2011) . In contrast, Alpine regions and their snow ecology have received considerably less attention. Bacterial biomass levels in Alpine snow are in a middle range of polar snow cell numbers with 0.68 × 10 3 -40 × 10 3 cells mL −1 reported in snowmelt (Liu et al. 2009; Lazzaro et al. 2015) . To date, clone libraries, cultured isolates and community fingerprinting methods targeting supraglacial snow from China, Japanese mountains and from the Central European Alps have confirmed that snow bacterial communities are primarily influenced by aeolian deposition. Phylotypes found in snow were found to be linked to dust events (Chuvochina et al. 2011a; Maki et al. 2011) , or traced back to source from cold or aquatic environments, soils, plants and air (Liu et al. 2009 ). Once deposited, there is a second component of active growth in the snow, changing the bacterial assemblage in buried snow (Liu et al. 2009; Segawa et al. 2010; Chuvochina et al. 2011b; Lazzaro et al. 2015) . The dominating phyla are Proteobacteria (Alpha-and Beta), Bacteroidetes and Actinobacteria. In dust accumulation samples from snow in Japan, Firmicutes and Fusobacteria were found in addition (Maki et al. 2011) . Apart from a higher diversity of isolates in Alpine areas than Antarctica (González-Toril et al. 2009) , there is no apparent difference between polar snow communities and alpine communities. However, a comprehensive bacterial diversity study based on NGS of Alpine snow is still missing. The goal of this study was to explore the bacterial community in surface snow samples from the Swiss Alps and the Australian alps in order to compare the communities among the hemispheres. The analysis is based on the hypothesis that the snow surface communities differ among geographically different regions, because they are influenced by short to mid-scale atmospheric transport. Furthermore, our samples were collected along an altitudinal gradient, based on the hypothesis that altitude plays a role in community composition due to different exposition to wind, variable surroundings, and variable temperature and radiation regimes. The third question we wanted to answer was whether the community would change at different depths of the snow pack and how it compared to surface communities.
This is the first study to use sequencing-derived data to identify bacterial diversity in snow from alpine sites across both hemispheres. Studies from polar snow environments have been published in the last few years, and with this study, we can add two alpine sites to the global inventory of snow bacteria. It adds weight to the hypothesis that snow is a specific habitat and will help to potentially discover a global snow microbiome.
MATERIALS AND METHODS

Site description and weather conditions
Four different locations were considered for this study, two sites in the Australian Alps and two sites in the Swiss Alps. The Australian Alps are situated in southeast Australia along the border of New South Wales and Victoria. The alpine area (above ∼1800 m a.s.l.) is continuously snow covered for at least 4 months per year (Sanecki et al. 2006) . The sub-alpine area has more variation in snow cover with a minimum of 1 month per year entirely covered (Sanecki et al. 2006) . The highest peak of the Australian Alps is Mount Kosciuszko at 2228 m a.s.l.
The Australian locations were in the region of Kosciuszko lookout (designated as 'K' samples) and Thredbo valley (designated as 'T' samples), ∼4 km apart. The Kosciuszko (K) site stretched along an increasing altitudinal gradient in the alpine zone (above the tree line) from Mt Kosciuszko chairlift towards Mt Kosciuszko lookout from 1956 to 2084 m a.s.l. (Fig. 1) . Weather data have been obtained from the Australian Bureau of Meteorology form Thredbo AWS station at altitude of 1957 m a.s.l and Thredbo village station (altitude 1380 m a.s.l.) (www.bom.gov.au/climate/data/). Thredbo (T) site was situated halfway between Thredbo village and Dead Horse Gap on the south-facing side of the valley, which is sub-alpine (1460-1515 m a.s.l.) (Green 1998) and was accessed on 13 August 2014.
In the Swiss Alps, the sites were Rosstock (designated as 'R' samples) and Jungfraujoch (designated as 'J' samples), ∼68 km apart. Rosstock is a free-standing peak of 2461 m altitude in the Swiss central massif. The samples taken at Rosstock (R) site (accessed 18 January 2015) were distributed along an altitudinal gradient ranging from 1500 to 2366 m a.s.l. (Fig. 1) . The site on Jungfraujoch (J) was accessed on 02 February 2015 and is close to the Jungfraujoch High Altitude Research Station (3450 m a.s.l.), situated on the ledge of the yoke of the Jungfrau 
Sample collection and preparation
Snow samples were collected from the four sites; Kosciuszko (n = 10), Thredbo (n = 5), Rosstock (n = 5) and Jungfraujoch (n = 2). From Kosciuszko and Thredbo site, surface samples and three snow pits divided into four equal depths were sampled (depths and annotation are shown in Table 1 ). Surface snow was collected from the top 3 cm of the snowpack using an ethanolflame-sterilized metal shovel (flamed on site) and filled into gamma-irradiated sterile 1 L polyethylene bottles (two bottles per sample). Care was taken to avoid contamination by wearing 70% ethanol-washed gloves. Snow from different depths of the snowpack was collected by digging a pit over the entire snow depth with an ethanol-flame-sterilized metal shovel. The depth of the pit was then measured with a meter and split into four equal sections between 7 and 13 cm, each (denominated as .a, .b, .c, .d). Snow was then collected from each section horizontally by pushing a gamma-irradiated sterile polyethylene 1 L bottle horizontally into the pit. In addition, from the Kosciuszko site, a soil sample and from Thredbo site a plant sample were collected from underneath the snow pack. Samples from the Swiss sites (Rosstock and Jungfraujoch) were collected from the snow surface (top 3 cm) and stored in previously autoclaved 2 L polyethylene bottles. The samples are detailed in Table 1 . Samples were stored in cooling containers and transported to the laboratory where they were stored at 4
• C to allow for slow melting over 24-48 h. The final volume of the melted samples varied between 250 and 600 mL, depending on the initial snow density. After melting, the biomass was collected on a sterile 0.2-μm nitrocellulose membrane (EMD Millipore, Billerica, MA, USA), by filtration with a vacuum pump. All filtration equipment was sterilized prior to use and in between each sample. Membranes were carefully removed from the filtration unit, folded and cut into smaller pieces and stored in microtubes at -20
• C until DNA extraction.
Contamination control
Two sterile controls (250 mL of two-times autoclaved ultrapure water (Milli-Q)) were taken into the field in 250-mL glass bottles at the Kosciuszko site and Rosstock site and left open for 5 min. After closing, the field blanks were then transported back to the laboratory, and handled in analog to the snow samples.
Conductivity measurements
Conductivity was measured with a calibrated WTW Cond340 I conductivity meter (Weilheim, Germany) or a TPS Aqua CPA meter (Brendale, Australia) with automatic temperature compensation to T ref 25
• C.
Quantification of biomass
Bacterial cell numbers from two samples (J1; J2) were quantified. Quantification was performed within 48 h after sampling, which was not feasible for any other sites. A total of 4 mL of snow (fixed with 40% formaldehyde) was filtered onto a nitrocellulose membrane with 0.2-μm pore size (EMD Millipore). The cells were then stained directly on the membrane with 4 ,6-diamidin-2-phenylindol (Molecular Probes, Eugene, USA) for 10 min at final concentration of 5 μg mL −1 . Membranes were then mounted on a microscope slide and cells were counted by epifluorescence microscopy at 1000× magnification. At least 10 different visual fields for every sample were counted.
DNA extraction
DNA extractions and library preparations were all performed in a laminar flow hood (Airpure, Westinghouse Pty Ltd, Australia), previously wiped with ethanol (70%) and UV-sterilized. Certified sterile pipette tips with filters and autoclaved plasticware were used throughout the entire DNA extraction process. DNA was extracted from the biomass on the nitrocellulose membranes using a modified protocol of the MP FastDNA SPIN kit for soil (MP Biomedicals, Santa Ana, CA, USA) as described previously (Wunderlin et al. 2014b) . The modification consisted of two repetitive extractions with in situ lysis using a bead-beater (MP Biomedicals) for 2 × 30 s (cooled on ice in between). The sample was then centrifuged and 900 μL of supernatant fluid was collected in a separate tube. Lysis buffer was again added to the sample before subjecting to a second lysis with bead-beating for 2 × 30 s, then centrifuged and supernatant fluid collected. The two supernatants were then processed separately following the standard protocol. In the end, the two extractions were pooled and DNA precipitated with 0.3 M Na-acetate and ethanol (99%) and washed with ethanol (70%) before being re-suspended in sterile water. Final DNA concentrations were measured with a Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA) using the Quant-iT dsDNA BR assay kit, following the manufacturer's instructions.
Library preparation and sequencing
Amplification of the V1-V3 region of the bacterial 16S rRNA gene was performed using primers 27F (5 -AGAGTTTGATCMTGGCTCAG-3 (Lane 1991)) and 519R (5 -GWATTACCGCGGCKGCTG-3 (Turner et al. 1999 
Sequence analysis
Illumina MiSeq analysis produced a total of 1779 863 sequences for 28 reactions (24 samples, 2 sterile field controls, 2 PCR blanks). Sequence quality was verified using FastQC software (Andrews et al. 2010) . Forward-orientated sequences were analyzed (quality filtration, chimera removal, operational taxonomic unit (OTU) picking and taxonomic assignment) with the QIIME pipeline version 1.9.0 (Caporaso et al. 2010) . Quality truncation was based on Phred per-base error probability scores (minimum of 20) (Ewing et al. 1998) . Additional filtration was done based on count of N characters (>0) and minimum sequence length after truncation (minimum of 75% of raw sequence length) using QIIME. Sequences were checked for chimera using usearch61 (Edgar 2010 ). After quality filtration and chimera checking, between 11.9% and 74.9% (median 73.2%) of the initial sequences remained (Table S1 , Supporting Information). The percentage of sequences removed during quality filtration was not correlated to initial DNA concentrations (linear correlation R 2 = 0.085). Clustering into OTUs at 97% sequence identity was performed with QIIME using an open-reference protocol usearch61 (DeSantis et al. 2006; Caporaso et al. 2010) . With the open-reference protocol, the sequences were first clustered based on reference sequences of the Greengenes database. The sequences, which failed to align to the references, were subsequently clustered de novo. Taxonomic identification was also performed using usearch61 and Greengenes database. OTU biom tables were produced with QIIME. All OTUs identified as 'chloroplast' were removed from the dataset (391 OTUs). After these steps, remaining sequence reads per sample ranged from 171 to 48 528 (median 8575) ( Table 2) .
Contamination management
Two PCR blanks and two sterile field controls were amplified and sequenced in analog to the samples. The sequences were passed through quality filtering and sequence analysis as described for the samples. From the PCR blanks, a total of 90 and 2595 sequences were recovered and 7283 and 63 514 sequences from the sterile field controls (Table S2 , Supporting Information). The high number of sequences in one of the sterile controls means there was a contamination at some stage in the technical process of collecting or handling the sample. As a conservative measure for contamination, we removed every OTU that appeared in any of the four controls from the entire dataset (total of 616 OTUs). The list of OTUs from the blank controls is available as supplementary material (Table S4 , Supporting Information).
Statistics
The OTU matrix was normalized to relative abundance using R (R Development Core Team 2008). Rarefied richness (based on 300 sequences) and diversity indices (Shannon's index H'; Pielou's evenness I') were calculated based on the total OTU abundance matrix using R and the vegan package (Oksanen et al. 2015) . Two-sided t-tests were performed to compare sequence counts, richness and diversity indices between sites (K, T, R and J) and between countries (Australian sites (K and T) against Swiss sites (R, J)) using program R. Regression analysis to test for altitudinal trends or trends along snow pits were performed using R. To analyze community composition, the OTU matrix was first transformed to relative abundance (normalized using total sequence counts for each sample). Bray-Curtis distance was then calculated and analysis of distance-based redundancy analysis was done using the formula capscale in vegan. Environmental variables (quantitative or descriptive) were added to constrain the principal coordinates analysis. The variables were: country (Switzerland/Australia); site (Kosciuszko, Thredbo, Rosstock, Jungfraujoch); altitudinal range (alpine/sub-alpine); altitude (m a.s.l.); snow depth (cm); sample type (snow, soil, plant); and snow type (surface snow/buried snow). Significance at 95% confidence interval was estimated using permutation multivariate analysis of variance (PERMANOVA) with 999 permutations. All calculations were performed with software R and the package vegan. Hierarchical clustering was performed with BrayCurtis distance measure and the 'complete linkage' method for cluster building available in the package vegan.
Submission of sequences
Sequences have been submitted to sequence read archive under Bioproject PRJNA304036 and accession numbers SRR2976575, SRR2976576, SRR2976577, SRR2976578, SRR2976579.
RESULTS AND DISCUSSION
Bacterial biomass
Cell numbers determined for the snow samples from Jungfraujoch were 1.05 ± 0.3 × 10 4 cells mL −1 (J1) and 8.85 ± 3.6
× 10 3 cells mL −1 (J2). These abundances are in the higher range of previously determined cell counts from alpine snow The slightly higher biomass values could be due to the fact that alpine sites are geographically closer to civilization and vegetation. Only samples from Jungfraujoch were quantified due to transport taking longer than 48 h for other samples, after which the cells were aggregated and not countable. DNA concentrations in snow extracts varied from <0.5 pg μL −1 (below detection limit) to 800 pg μL −1 (Table S1 , Supporting Information). The V1-V3 region of the 16S rRNA gene was successfully amplified from all samples, including samples with low DNA quantities. TaKaRa Ex Taq DNA polymerase enabled amplification of samples with low levels of template. It is a proofreading polymerase specifically engineered to produce high-yield amplification and has proven successful in previous work (Wunderlin et al. 2014a). There was no apparent amplification for neither of the two sterile field controls nor the two PCR blanks as verified by gel-electrophoresis. A total of 1779 863 sequences from 28 reactions were obtained. After quality filtration and chimera checking, between 11.9% and 74.9% (median 73.2%) of the initial sequences remained (Table S1 , Supporting Information). After OTU clustering and removal of contaminant OTUs, i.e. any OTUs that were present in any of the sterility control samples, there were 6412 OTU clusters present in the 24 samples, ranging between 45 and 2112 OTUs for individual samples (median 390.5) ( Table 2 ). All OTUs identified as 'chloroplast' were also removed from the dataset (391 OTUs).
After these steps, remaining sequence reads per sample ranged from 171 to 48 528 (median 8575) ( Table 2 ). Five samples (J1, R1, R2, R3, R4) had comparatively low sequence reads, which may be linked to low sequence quality, i.e. issues such as primer contamination or run error during the library preparation or sequencing reaction. During taxonomic assignment, only 21.9% of the sequences could be aligned to a reference dataset, and the remaining sequences were clustered de novo (i.e. OTUs are picked purely based on sequence identity), which may have led to an overestimation of OTUs. The rather low percentage of sequences that could be aligned to a reference dataset may be due to low representation of cryosphere bacteria in the databases. Another reason for this low percentage may be insufficient sequence similarity. Our sequences only cover the V1 and V2 region of the 16Sr RNA gene, since we have only used forward run sequences, due to insufficient quality and length of the reads to join the paired ends.
Alpha-diversity in surface snow
Alpha-diversity measures were calculated for all samples (Table 2) . Because OTU numbers were highly variable between samples, the richness was calculated based on rarefied sequences. Five samples had very low sequence counts (J1, R1, R2, R3, R4). We first compared them to other samples, in order to see if the diversity estimates were biased due to the difference in sequence numbers. This was not the case as the samples did not significantly differ from other samples in respect to numbers of OTUs (two-sided t-test; P = 0.95), diversity (P = 0.16) or evenness (P = 0.14). Thus, even though some samples had comparably low sequence numbers, we believe they could still be included in the analysis.
The snow samples from Switzerland had significantly lower richness and diversity than the Australian snow as seen by The snow samples therefore harbor a diverse bacterial community, with uniform species distributions and few to no dominant organisms. The differences in bacterial abundance and diversity between different sites may be linked to local environmental factors influencing the bacterial quantities in snow. For example, air temperature maxima during sampling were considerably lower in Switzerland than in Australia (Table 1) . This temperature difference could result in increased bacterial activity. A link between higher activity and temperature was alluded to in a previous study on Arctic snow pack, where a change in community with higher temperatures (as spring progressed) was detected (Maccario, Vogel and Larose 2014) . In addition, the higher diversity and richness in samples from Australian snow could be due to longer exposition times of the surface snow to the atmosphere. At both sites in Switzerland, snow was falling on the days of sample collection (Jungfraujoch), or the day before (Rosstock) ( Table 1 ), meaning that the sampled surface snow was composed of fresh snow that was not exposed to aerosol deposition or radiation for more than 24 h prior to sampling. The last significant snowfall event before sample collection of the Australian snow was 12 days prior to sampling (Kosciuszko) and 2 days at Thredbo, thus extending the time for deposition by a factor 2 and 12, respectively.
Community variations in surface snow
In addition to differences in bacterial richness and diversity between Swiss and Australian sites, the question of differences in community patterns was addressed. To do this, a principal coordinates analysis was performed on the community data (relative abundances of OTUs) of the surface snow samples (Fig. 2) .
The bacterial communities differed between the locations, and also between different sites. The principal coordinates analysis split the sample ordination according to country on the first axis, with the samples from Switzerland on the right and samples from Australia on the left side of the central axis. On the second axis, the samples were separated according to their altitude (Fig. 2) . Sites T5.a, T6 and R5 were sub-alpine, while the other sites were alpine. Distance-based redundancy analysis, based on relative abundance data, was performed to confirm the significance of the variation in community structure and its link to environmental variables (Table 4 ). Significant clustering according to country, site, altitude, days since last snowfall and temperature before sampling was observed both, for the family-level community as well as OTU-level community.
The clustering according to altitudinal range (alpine or subalpine) may be explained by differences in physical conditions such as temperature, radiation or wind exposure but also by surrounding vegetation. The sub-alpine range was below the tree line in both locations. The strong influence of this variable on the sample ordination suggests that surrounding vegetation and potentially other surrounding factors (proximity to civilization, wind regimes) are important drivers of the snow microbial community, as has been shown previously for glacier surface communities (Liu et al. 2009) . In contrast to OTU-level and family-level community clusterings, the bacterial composition on phylum-level was less variable between snow from the different sites. The ordination of • C 0.001 0.001 0.042 Figure 3 . Relative abundance (%) of bacterial phyla in alpine snow. Abundances were averaged by site Jungfraujoch (J1 and J2), Rosstock 'alpine' (R1-R4), Kosciuzko (K1-K4), Thredbo (T5 and T6). Only phyla with >1% relative abundance are displayed. Minor phyla (<1% relative abundance) include Planctomycetes, Gemmatimonadetes, Verrucomicrobia, AD3, Fusobacteria and WPS-2. the community on phylum-level could only be differentiated based on country and site and with P-values near the significance threshold (Table 4) .
Taxonomic composition
Overall, bacteria belonging to 25 different phyla were detected across all snow samples, with the six most abundant phyla Proteobacteria (Alpha-and Betaproteobacteria), Acidobacteria, Actinobacteria, Bacteroidetes, Cyanobacteria and Firmicutes accounting for 72%-98% of the total relative abundance (Fig. 3) . In recent years, several studies added data to strengthen the hypothesis that snow environments have a core biome primarily composed of Proteobacteria, Bacteroidetes, Firmicutes and Cyanobacteria (DeLeon-Rodriguez et al. 2013; Hell et al. 2013; Lopatina, Krylenkov and Severinov 2013; Møller et al. 2013; Hauptmann et al. 2014; Cameron et al. 2015; Mortazavi, Attiya and Ariya 2015) . The alpine snow samples described here seem to be more diverse. Furthermore, phyla such as Acidobacteria were detected, which are not frequently reported in other studies. Other differences were, Betaproteobacteria dominate at the proteobacterial class-level in Arctic snow (Hell et al. 2013; Møller et al. 2013) , while they have maximum relative abundance of 15% in our snow samples. Also, Gammaproteobacteria were detected at low relative abundances (3%-5%) in our snow samples, while in Greenland ice sheet snow they dominated the communities by up to 30% (Cameron et al. 2015) . Even though, among the samples presented here, a fraction of the community was common to most sites, there were differences between sites. The community in Jungfraujoch (J1, J2) had higher abundance of Bacteroidetes (7%; 15%) and Spirochaetes (6%; 0%) than other samples, and lower abundance of Cyanobacteria (8%; 8%), and Firmicutes (3%; 0%), while in some Rosstock (R1-R4) samples Cyanobacteria (0%-26%) and Firmicutes (0%-45%) were substantially more abundant. At Kosciuszko (K1-K4), phyla such as Acidobacteria (11%-24%), Armatimonadetes (0.1%-7%) and Chloroflexi (0.1%-7%) were detected, which were not present in the Swiss samples.
The Rosstock sub-alpine sample R5 was substantially different from all the other samples with a major presence of Bacteroidetes (77.5%) followed by Alphaproteobacteria (19%). The diversity indices for sample R5 (Shannon diversity index (H = 1.44) and evenness (I = 0.26) ( Table 2 )) allude to a considerably lower diversity; however, we must stress that only one sample was analyzed at this location. The apparent low diversity was attributed to a very high abundance of a single OTU identified as Hymenobacter (77.4% relative abundance). This genus has previously been isolated from Antarctica, Alps and the Artic (Christner et al. 2000; Miteva, Sheridan and Brenchley 2004; Liu et al. 2009; Chuvochina et al. 2011a ) and based on BLAST was most similar (96%) to an uncultured bacterial clone from soil on Anchorage Island, Antarctica (Yergeau et al. 2012) . It is thus likely that this is a snow-associated strain, and not a contaminant.
Community composition at different depths of snow pits
Two processes can be defined which shape the community composition of bacteria in the snow. The first process is deposition, which for snow is primarily linked to dry deposition (dust and other particles are deposited onto a 'pristine' snow surface) and wet deposition, where cells are transported onto the snow surface by snow crystals and raindrops. The second process acting on the community composition is the proliferation, survival or death of bacteria on the snow surface or as they become buried.
To decipher changes in community compositions based on the second process, samples from three snow pits in the Australian mountains, with four different depths for each pit were collected. Two pits (K1.a-K1.d and K4.a-K4.d) were from the alpine range and one pit (T5.a -T5.d) was taken from the subalpine range. We hypothesized that a greater diversity of bacteria is deposited at the snow surface and as the organisms are covered by another snow layer, the diversity becomes smaller, because not all deposited bacteria are able to survive or proliferate. The diversity indices of the snow pit samples show that in relation to the respective surface samples, the diversity increased at first depth of the snow pit (7 or 13 cm depth) in two (K1, T5) out of the three pits. Deeper in the pits, the diversity then became smaller with greater depth (Table 2 ). The diversity increase in the highest part of the snow pit could be due to the fact that there were high number of chloroplast sequences in the surface samples (that were removed for the analysis), which may have artificially decreased the signal of other bacterial sequences. In a previous study of microbial community composition in snow from Switzerland, a significantly higher diversity (Shannon index) was found in the surface snow compared to the inside of the snowpack (Lazzaro et al. 2015) . However, Lazzaro and colleagues have collected their samples in the summer months, when radiation and temperatures were higher, thus melting was strongest, which actively influences the communities at the snow surface. In our case, samples were collected in winter where temperature impacts were less prominent. Another reason for smaller differences between the surface snow and deeper snow layers may be that in our case, the sampled snow depths was maximal 52 cm, and that differences in snow communities only appear at larger snow depths.
Specific trends in bacterial community compositions with depth of the snow pits were visible (Fig. 4) . Based on previous studies of snow and glacier environments as well as the community data presented here, there were specific groups of bacteria that may be associated with snow environments. One such group is the family Sphingomonadaceae, with the most abundant genus in this family Sphingomonas. This genus has been detected in a range of cold environments, for example in pristine snow from Antarctica and in an ancient glacial ice core from Tibet (Christner et al. 2000; Miteva, Sheridan and Brenchley 2004; Chuvochina et al. 2011b; DeLeon-Rodriguez et al. 2013) . Sphingomonas are presumed to be part of an active snow/ice microflora (Christner et al. 2000; Lopatina, Krylenkov and Severinov 2013) . Our data confirm the ubiquity of this group, since this family is present in every sample, albeit at different abundances (Fig. 4) . Based on the data presented here, no conclusion can be drawn on whether the Sphingomonadaceae are part of the metabolically active and reproducing fraction of organisms in the snow, or if they are inactive and only deposited onto the snow surface by aeolian transport, because their abundance did not follow a clear trend along the depths of the snow pit (Fig. 4) .
In contrast, there is evidence in our data that members from the family Acetobacteraceae, which were highly abundant in our snow samples are part of the airborne community and not actively propagating inside the snow. The first indication for this was the apparent decrease in abundance of this family with greater snow depth (Fig. 4) . We can conclude that bacteria from this family are highly abundant in air and at the snow surface but are selectively reduced during burial in the snow pack. The second indication for this hypothesis was that the relative abundance of Acetobacteraceae increased with altitude in Switzerland (linear regression; R 2 = 0.69) and Australia (linear regression; R 2 = 0.47) ( Fig. S1 and S2, Supporting Information). Furthermore, closest relatives of representatives of the family Acetobacteraceae found in our snow samples have previously been detected in samples from snow from Mont Blanc (Chuvochina et al. 2011b) , also a high altitude site. Bacteria from this family could therefore be part of the airborne community, potentially from long distance transport, as they were more abundant at higher altitude. Other taxa that have been detected in the snow samples presented here and that have previously been associated with cold environments were Chroococcidiopsis (family Xenococcaceae), which have previously been found in Antarctica (Quesada and Vincent 2012) . Methyloscystaceae were detected in Australia as well as in the sub-alpine sample from Switzerland. Members from the family Methyloscystaceae have been isolated previously from soils in Usbekistan and Kazakstan (Doronina et al. 1998) , and have been found among the most abundant families detected in tundra soil from Alaska (Bowman et al. 1993) .
For the comparison of community structure, we have only looked at location and country. However, to find potential biogeographic distribution patterns there are many more variables that could have an influence on the bacterial diversity and should be included in future studies. Physical and weatherrelated parameters for example could be included, such as snow thickness and duration of snow cover. In Australia, the snow pack was thinner (with maximum 52 cm). On average, snow duration in the Australian Alps is 4 months (Sanecki et al. 2006) . Both of these factors can influence the snow communities. Another explanation for differences in snow communities could be a different nature of the snow. Australian snow is classified as maritime snow, defined as dense snow with visible melt features like ice blocks inside the snow pack formed during frequent cycles of melting and freezing (above 0
• C during the day and 0 • C at night) (Sturm, Holmgren and Liston 1995; Sanecki et al. 2006) . In contrast, the snow from Switzerland was exclusively composed of freshly fallen, crystalline snow without melt features or ice. In addition, a major weakness of this community comparison is that there are no nutrients or chemical measurements such as pH, total organic carbon (TOC), nitrogen content or calcium ions as a proxy for dust. The comparison of the different snow samples would have benefited from additional environmental data.
Temporal dynamics have been shown in communities of snow and ice (Hell et al. 2013) . The locations in this study were sampled at a single time-point, so it is not possible to draw any conclusions on daily or seasonal variation. This would be of interest in the future, particularly at lower altitude, where temperature variations are high and snow cover throughout the seasons is not permanent.
Our study highlights several points that should be considered in future studies of snow microbiomes. First, the sequencing of the sterile control and PCR blank samples has resulted in significant numbers of sequences and OTUs, alluding to contamination from handling and processing being an important issue that should be taken into account in studies from low biomass environments. Second, heterogeneity of our surface snow samples was substantial, a higher number of samples and replications should therefore be considered.
This study has explored the bacterial community in surface snow samples from the Swiss Alps and the Australian Alps and has shown that there is a significant variation in alpine snow communities across both hemispheres, across regional sites as well as across the alpine and sub-alpine ranges. Even though the snow communities differed between sites and samples, we have detected common taxa across all samples that have previously been associated with snow or cryosphere environments such as tundra soils, Arctic snow, glaciers and Antarctic soils. This suggests that cold-adapted bacterial ecotypes could be globally distributed. This study gives a novel insight into alpine snow bacteria and establishes a baseline for future hypothesis-driven studies on the microbial ecology and functioning of snow ecosystems and their influence on underlying soil, other ecosystem members and downstream ecosystems receiving snow melt such as streams and rivers.
This study enlarges the inventory of snow microbiology and adds four alpine sites from both hemispheres to the collection of snow bacterial sequences. High similarity to the major taxa found here and in previously published snow bacterial communities adds more weight to the hypothesis that snow can be considered a specific habitat.
